MICROSTRUCTURE EVOLUTION DURING FABRICATION OF Ni-Ti-Nb SMA WIRES
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ABSTRACT

Ni-Ti-Nb system alloys show wide shape memory hysteresis, suitable for assembly applications. The most common alloys are located at the low Nb content at Ni:Ti near equiatomic field. The microstructure is composed by NiTi matrix and Nb dispersed particles. These particles are to cause the hysteresis widening. This work evaluates microstructure evolution during wire fabrication process of equiatomic Ni:Ti alloys with increasing Nb content (1.5, 3.0, 6.0 and 9,0%at.). It is shown results from alloy melting from raw materials followed by hot and cold swaging. The as-cast microstructure showed three main phases: NiTi matrix phase, interdendritic eutectic phase (NiTi + (-Nb) and Ti3(Ni,Nb)2 compound precipitates. The first two have ductile behavior (227 and 299 HV, respectively) and the latter has fragile behavior (755 HV). There was low hardness variation during hot working (200-300 HV) due to recovery and recrystallization. Microstructure homogeneity at cold working provided a quite similar hardness variation pattern.
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INTRODUCTION

Proposed in mid 1980´s by Melton, Ni-Ti-Nb alloys show wide shape memory effect (SME) hysteresis, which is suitable for assembly applications such as tube coupling. Transformation temperatures are adjusted (Fig. 1) in such a way that room temperature is near the middle of the hysteresis, between liquid nitrogen temperature (used for storage and transportation) and some higher temperature (used for alloy reverse transformation) 1,2.


Fig. 2 shows the microstructural model proposed for the hysteresis widening for these alloys. The typical microstructure is a NiTi matrix with dispersed Nb particles. Under mechanical stress both phases are deformed. During heating (reverse transformation) the matrix is to recover its original shape and it is necessary to re-deform the (-Nb particles. Therefore some friction energy is generated due to the precipitated particles resistance to the new plastic deformation. As the shape recovery stress is higher than the Nb particles yield strength, SME prevails. The reverse transformation start temperature (As) increase occurs due this partially constrained reverse transformation.
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Fig. 1:
 Storage, assembly and work temperature zones of wide hysteresis SME alloys for tube coupling. Adapted from Melton 1.

	[image: image2.png]I
T





	[image: image3.png]




	(A)
	(B)


Fig. 2: Ni-Ti-Nb alloy deformation model. (A) undeformed microstructure; (B) after deformation microstructure. Adapted from Melton 2.

The as-cast microstructure of these alloys is a NiTi matrix surrounded by an eutectic microstructure (NiTi + (-Nb). The matrix dissolves some Nb and, like wise, (-Nb (BCC) at the eutectic microstructure dissolves some Ni and Ti also 3,4. The (-Nb particles are relatively soft with yield strength similar to B19’ martensite of the Ni-Ti binary system (from 150 to 200 MPa).

Zhao 3 and Zhang 4 verified mutual solubility of Nb at the NiTi matrix and of Ni and Ti at (-Nb. Besides, a third phase is identified: Ti3(Ni,Nb)2. These authors verified that these three phases are stable at temperatures bellow 1323 K (1050ºC), with indication for Ti3(Ni,Nb)2 formation at high temperatures, possibly precipitating from the liquid phase at solidification. (-Nb is easily deformed during hot working and takes some elliptical or stretched morphology dispersed in the matrix. Ti3(Ni,Nb)2 particles, on the other hand, keeps the same morphology although showing often fractured structure. In other words, (-Nb is a soft and ductile phase while Ti3(Ni,Nb)2 is a hard and fragile phase.
MATERIALS AND METHODS

Four ingots (90 g weight and 12 cm long) were molten in an arc furnace under argon. Starting raw materials were electrolytic Ni (99.95% Ni min), Ti grade 1 (99.8% Ti min) and electron beam refined Nb (99.9% Nb min). Table 1 shows the nominal chemical composition of the equiatomic Ni:Ti alloys melted with increasing Nb contents.
Table 1: Nominal chemical composition of the Ni-Ti-Nb SMA produced.

	Ni
	49.25
	48.5
	47.0
	45.5

	Ti
	49.25
	48.5
	47.0
	45.5

	Nb
	1.5
	3.0
	6.0
	9.0



The ingots, with 13.5 mm equivalent diameter were swaged down to 1.8 mm diameter. There were two process routes: (i) hot swaging at 1023 K (750ºC) down to 1.8 mm diameter; (ii) hot swaging at 1023 K (750ºC) down to 6.4 mm diameter followed by cold swaging down to 1.8 mm diameter, with intermediate annealing at 1023 K (750ºC) for 15 min every two passes (near 30% reduction area). A four hammer FENN 5F swage machine was used for diameters above 9.5 mm. Bellow that, a two hammer FENN 3F swage machine was used.

Samples were taken at 9.5, 4.95, 2.89 and 1.81 mm nominal diameter. The samples were metallographically prepared and attacked with 1HF:4HNO3:5H2O solution. Vickers hardness was measured at the different phases in the as-cast structure (10 measurements, 10 g per 10 s). Conformed samples were also characterized by microidentation (5 measurements, 200 g per 5 s).

RESULTS AND DISCUSSION

Optical microcopy allows to identify microconstituents similar to those described in literature 3,4. The as-cast samples show three very distinct microconstituent morphologies (Fig. 3). There is a matrix NiTi (region A), an interdendritic eutectic phase (region B), and a third phase (region C), sometimes geometric, placed at interdendritic region. This third phase is supposed to be Ti3(Ni,Nb)2 compound. This assumption is corroborated by very small particles located at the center of some of the third phase (region C). These small particles, possibly oxy-nitrides or carbo-nitrides, stable at high temperature, may have acted as nuclei for precipitation and growth of the Ti3(Ni,Nb)2 compound, which indicates high temperature formation.
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Fig. 3: As-cast NiTi-6%at. Nb alloy micrography. (A) NiTi; (B) eutectic NiTi + β-Nb; (C) Ti3(Ni,Nb)2; at the center of the precipitate it is seen the non-metallic particles which act as nuclei for precipitation and growth.


The as-cast microstructure reorganizes at the early stages of hot working and points the eutectic nature of the interdendritic phase (Fig. 4). The pseudo-binary phase diagram NiTi-Nb proposed by Piao 5 is a good approximation of the ternary system behavior. Both matrix NiTi and interdendritic eutectic phases are deformed after hot working, which indicates both phases are ductiles.
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Fig. 4:
 Transversal section of NiTi-6%at. Nb alloy hot worked up to 50% reduction area. The eutectic nature of interdendritic phase is enhanced by bright and dark phases mix. Primary NiTi matrix (() and interdendritic eutectic (( + β-Nb), in accordance to the pseudo-binary NiTi-Nb phase diagram proposed by Piao 5.


The original dendritic structure from the as-cast material remains even after considerable reduction area. The dendritic structure gives place to a cellular structure, with some spiral tendency at the transversal direction, as the hot swaging proceeds (Fig. 5).
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Fig. 5: Transversal section of NiTiNb alloys hot worked up to 50% reduction área, showing aspects of the spiral and cellular structure. (A) NiTi-3%at. Nb alloy; (B) NiTi-9%at. Nb alloy.


All alloys studied showed the same behavior under hot working: solidary deformation of both phases NiTi (() matrix and eutectic phase (( + (-Nb), as seen in Fig. 4 and Fig. 5. On the other hand, Ti3(Ni,Nb)2 compound is fragile and shows fractures even at small reduction areas (Fig. 6).
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Fig. 6: Fracture and fragmentation of Ti3(Ni,Nb)2 compound at longitudinal section. (A) NiTi-1,5%at. Nb alloy, 50% hot working; (B) NiTi-9%at. Nb alloy, 98% hot working.


Microidentation tests showed different mechanical behavior of the three phases at the as-cast structure (Fig. 7). The NiTi matrix shows narrower hardness results, which reflects the chemical composition homogeneity reached during the melting stage. The interdendritic phase shows some higher hardness results compared to the matrix phase. However, the Ti3(Ni,Nb)2 compound shows hardness much higher, compatible with the fragility observed in previous micrographics.
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Fig. 7: Hardness Vickers for different phases at the as-cast microstructure of the 6%at Nb sample. 10 g load applied for 10 s.

Chemical composition homogeneity explains the low dispersion for the matrix phase hardness and the lamellar structure might explain the bit higher scattering hardness results for the eutectic phase. The big scattering observed for the Ti3(Ni,Nb)2 compound shall be related to the very measurement method: nanoidentation technique should be preferably used instead microidentation one due to this microconstituent size. Given that chemical composition for each constituent (NiTi matrix, eutectic NiTi + (-Nb and Ti3(Ni,Nb)2 compound) can vary for different alloy chemical composition, it is reasonable that hardness values should also vary. Despite scattering, measured hardness values are compatible to those from Zhang 4 (NiTi matrix and (-Nb at 250-300 HV; Ti3(Ni,Nb)2 compound at 520 HV).


Hardness variation behavior for each alloy during hot and cold working is quite different as shown in Fig. 8.
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Fig. 8:
 Hardness Vickers evolution for Ni-Ti-Nb ternary system alloys. (A) hot working; (B) cold working.

Fig 10A shows that samples recovery and recrystallization occurs during hot work and, therefore, hardness values are kept between 200 and 300 HV. Different behavior observed for different alloys are related to inherent difficulties of the hot work itself, such as time interval between sample removal from the furnace and swaging start, swaging time without sample re-heating, etc. The results scattering, expressed by the bar errors for each measurement, were higher for hot working compared to cold working results. This should be related to the higher heterogeneity and lower microstructure refinement observed for hot working, especially when compared to cold working.


The cold swaged samples hardness showed expressive increase, from 200-250 HV up to 400-450 HV. The hardness variation during cold working was quite similar for each alloy, which was not observed for the hot working process. Hardness increase is mainly due to cold work, especially for the NiTi matrix. The similar behavior of each alloy is probably related both to the samples homogeneity and refinement (even for different chemical composition), and due to easier swaging parameters control when compared to the hot swaging process.
CONCLUSIONS
The microstructure evolution observation during Ni-Ti-Nb SMA wire fabrication allows the following conclusions:
1. As-cast alloys with up to 9% at. Nb and near equiatomic Ni:Ti relation show three main microconstituent: NiTi matrix phase, interdendritic eutectic phase (NiTi + (-Nb) and Ti3(Ni,Nb)2 compound precipitates.

2. The NiTi matrix phase and the interdendritic eutectic phase (NiTi + (-Nb) have ductile behavior; the Ti3(Ni,Nb)2 compound precipitates have fragile behavior.

3. At the NiTi-6% at. Nb the NiTi matrix phase hardness was 227 ( 22 HV; the interdendritic eutectic phase (NiTi + (-Nb) hardness was 299 ( 42; the Ti3(Ni,Nb)2 compound precipitate hardness was 755 ( 133.

4. There is not much hardness variation during hot working (200-300 HV) due to recovery and recrystallization processes.

5. Scattered hardness measurements at hot working shall be related to microstructure heterogeneity (precipitates size and distribution).

6. Microstructure homogeneity at cold working, even for different chemical composition, provided a quite similar hardness variation pattern.
7. Mechanical hardening prevails as the mechanism for increase hardness of cold worked samples.
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